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Highly resistive molecular beam epitaxial GaN layers are characterized by temperature dependent
conductivity and Hall effect measurements. Seven n-type GaN samples with room temperature layer
resistivity ranging between 8 and 4.23106 V cm are used in this study. The experimental data are
analyzed by considering various transport models such as band and hopping conduction, scattering
on charged dislocations and grain boundaries controlled transport. The same defect level of 0.23 eV,
attributed to nitrogen vacancy, is found for layers with r300<3.73103 V cm. The Hall mobility for
two lower resistivity layers is influenced mainly by phonon scattering (mH;Tx, x521.4).
However, higher resistivity layers show positive mobility power, x50.5– 0.9, which can be
explained by dominating scattering on charged dislocations. Properties of layers with the highest
resistivity ~13105 and 4.23106 V cm! and extremely low Hall mobility ~6 and ,0.1 cm2 V21 s21!
are consistent with grain boundary controlled transport. The barrier height between grains of 0.11
eV and an average grain size of 200 nm are found. Neither nearest-neighbor or variable range single
phonon hopping nor multiphonon hopping can be clearly attributed to the conduction of the layers
investigated. © 2000 American Institute of Physics. @S0021-8979~00!03923-2#I. INTRODUCTION
Intentionally undoped GaN layers usually show n-type
conductivity with carrier concentration in the 1016 cm23
range and mobility of about 800 cm2 V21 s21, i.e., the resis-
tivity of such layers is <1 V cm. However, highly resistive
buffer or isolation layers are needed for various device ap-
plications. Unfortunately, little is known about their prepara-
tion and conduction mechanisms. Layers with resistivities of
14, 33103 and 106 V cm were prepared by controlling the
stoichiometry during molecular beam epitaxial ~MBE!
growth.1,2 Another possible way to obtain highly resistive
GaN layers is by acceptor compensation. MBE grown
C-doped layers3 and vapor phase epitaxial Zn-doped layers4
with resistivities of 106 and 1012 V cm, respectively, have
been reported. Ion implantation can be also employed for
creation of highly resistive GaN layers, as was reported
recently.5–7
The temperature dependent carrier concentration and
mobility data on intentionally undoped GaN layers can be
described well by band conduction due to shallow single
donor states and by considering phonons and ionized impu-
rities as the main scattering centers. It is believed that nitro-
gen vacancies act as shallow donors, but this is still
controversial.8 However, temperature dependent Hall effect
data on layers with resistivity higher than 14 V cm are not
reported in the literature, because conductive substrates were
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Hopping conduction with extremely low Hall mobility mH
,1 cm2 V21 s21 is assumed to be responsible for the
latter.1,2,10 When the concentrations of the autodoping cen-
ters and the deep defects are comparable, the layer becomes
highly resistive and conduction by hopping among deep cen-
ters might occur. It has been reported that the temperature
dependent resistivity data are most consistent with multipho-
non hopping, rather than nearest-neighbor or variable range
single phonon hopping. However many questions concerning
hopping in GaN are still unanswered. 1,2,11 Additionally,
models taking into account scattering on charged disloca-
tions resulting in lowering the mobility have been
presented.12–14 Lower instead of higher mobility at lower
doping concentration, widely reported for low doped n-GaN,
can be explained by the predominant influence of dislocation
scattering in these layers.14 Recently, the importance of dis-
location scattering on electron transport in InGaN/GaN mul-
tiple quantum wells15 and AlGaN/GaN two-dimensional
electron gases16 has been also reported. Finally, a model
based on potential barriers at grain boundaries was proposed
as being responsible for the unusual behavior of highly re-
sistive GaN layers.17,18 This model considers that free carri-
ers can be trapped at grain boundaries, resulting in reducing
the carrier mobility and thus enhancing the layer resistivity.
In this article, we report on the transport properties of
highly resistive GaN layers grown by MBE to extend knowl-
edge of carrier transport behavior in GaN. Seven n-type GaN
layers with room temperature resistivities ranging between 81 © 2000 American Institute of Physics
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dent conductivity and Hall effect measurements. The experi-
mental data are analyzed by considering the various transport
models mentioned above.
II. EXPERIMENT
The undoped GaN layers were grown on ~0001! basal
plane, 2 in. sapphire substrates by MBE using a water cooled
radio frequency atomic nitrogen plasma source ~SVT Asso-
ciates rf 4.5!.19 Conventional effusion cells were used to pro-
vide the Ga and Al fluxes. Low temperature AlN buffers of
different thicknesses were grown after nitridation of the sap-
phire. The substrate temperature was then increased to
750 °C for GaN growth which was done under slightly Ga-
rich flux ratios. The layers are about 2 mm thick ~see Table I!
and their crystallinity is nearly the same; the ~0002! x-ray
rocking curve full width half maximum is >7 arcmin. Some
samples were characterized by scanning electron microscopy
~SEM! and atomic force microscopy ~AFM!, as well as by
low-temperature photoluminescence.
Samples of about 636 mm2 were cut from each wafer
and In contacts were alloyed at 850 °C. The ohmic behavior
of the contacts was confirmed by current–voltage character-
istics and lower annealing temperature did not give satisfac-
tory results. Accurate temperature dependent ~290–410 K!
conductivity and low magnetic field ~0.5 T! Hall effect mea-
surements were carried out in the dark using a high-
impedance system. It should be noted that we observed a
slight difference in the measured data if the temperature
ramp was increased or decreased ~about 30% at room tem-
perature and decreased tendency with increased tempera-
ture!. This effect can be connected to persistent
photoconductivity.20 All measurements reported here were
performed by using a decreasing temperature ramp, which
produces more reasonable results.
III. RESULTS AND DISCUSSION
A. Conductivity and Hall effect measurements
The room temperature ~300 K! values of resistivity, ap-
parent Hall concentration and apparent Hall mobility are
summarized in Table I for the GaN samples investigated.
The resistivity ranges between 8 and 4.23106 V cm and the
Hall mobility decreases from 305 to ,0.1 cm2 V21 s21 with
increasing resistivity. Note that on sample No. 7, the one
TABLE I. Layer thickness and 300 K values of resistivity, Hall concentra-











1 3.5 8 2.531015 262
2 2.2 32 631014 305
3 1 23103 1.531014 30
4 2 2.33103 731013 32
5 2 3.73103 831013 22
6 1.9 13105 131013 6
7 0.5 4.23106 ,531012 ,0.1Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject towith the highest resistivity, it was not possible to measure the
Hall effect at temperatures around 300 K satisfactorily.
Figures 1 and 2 show the resistivity and apparent ~i.e.,
measured! Hall concentration as a function of inverse tem-
perature for GaN samples investigated in this study. Resis-
tivity, a more convenient quantity by which to characterize a
material property, is shown in Fig. 1 instead of conductivity.
The experimental data for both conductivity and Hall con-
centration show that thermally activated carriers dominate, s
~51/r! and nH are proportional to exp(2E/kT), where E is
the activation energy. Note that the carriers are electrons
deduced from the negative sign of the Hall coefficient.
Temperature dependence of the apparent Hall mobility
~on a log–log scale! for GaN layers is shown in Fig. 3. The
FIG. 1. Temperature dependence of resistivity for GaN layers. The solid
lines are theoretical fits according to Eq. ~1!.
FIG. 2. Temperature dependence of apparent Hall concentration for GaN
layers. The solid lines are theoretical fits according to Eq. ~10!. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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increasing temperature. On the other hand, for all other lay-
ers an increase of mH vs T exists, which is more pronounced
for layers 6 and 7, those with the highest resistivity and the
lowest mobility.
B. Band conduction
The experimental temperature dependencies of the resis-
tivity, apparent Hall concentration and Hall mobility, shown
in Figs. 1–3, can be fitted well by
r51/s5Cr exp~Er /kT !, ~1!
nH5CnT3/2 exp~2En /kT !, ~2!
and
mH5CmTx, ~3!
where Cr , Cn and Cm are temperature independent con-
stants, Er and En are the activation energies and x is the Hall
mobility scattering power.
Activation energies evaluated from the r vs 1/T depen-
dencies ~Fig. 1!, commonly used in the literature, as well as
from the nHT3/2 vs 1/T dependencies ~not shown here! are
summarized in Table II. Both activation energies Er
FIG. 3. Temperature dependence of apparent Hall mobility ~log–log scale!
for GaN layers. The solid lines are theoretical fits according to Eq. ~3!.











1 8 0.20 0.17 fl
2 32 0.24 0.23 21.4
3 23103 0.29 0.23 0.56
4 2.33103 0.29 0.23 0.5
5 3.73103 0.29 0.23 0.9
6 13105 0.41 0.26 3.2
7 4.23106 0.50 0.36 3.3Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to50.19– 0.50 eV and En50.17– 0.36 eV increase with in-
creasing layer resistivity. Activation energies Er50.016,
0.11 and 0.38 eV were found before on highly resistive GaN
with r300514, 3.13103 and 1.93106 V cm, respectively.1
These values are evidently lower than those obtained here for
similarly resistive samples. Donor levels in the 0.25–0.45 eV
range, evaluated from the thermally activated conductivity
and attributed to nitrogen vacancies, have been mentioned
before.12 The nitrogen vacancies could be responsible for
yellow band photoluminescence8 which we indeed detected
on sample Nos. 1 and 2 ~other samples were not analyzed!.
Recently, the preparation of highly resistive n-type GaN lay-
ers by implantation with various ions like Ti, O, Fe and Cr
has been reported. Donor-like defect levels of 0.20 and
0.48–0.50 eV, evaluated from the r vs 1/T dependencies,
have been found.6 These are also comparable values to our
0.20–0.29 and 0.41–0.50 eV obtained from sample Nos. 1–5
and 6–7, respectively. However, it is questionable if such a
broad defect band of 0.20–0.50 eV, as supposed in Ref. 6,
can exist in GaN. It is known, however, that GaAs grown by
MBE at low temperatures is nonstoichiometric and contains
a very high number of native defects (>1020 cm23) believed
to be mainly arsenic antisites. Its conduction at room tem-
perature is mainly by hopping among defect centers21 and
the estimated width of the defect band is about 0.15 eV.22
C. Hopping conduction
We will discuss the data obtained on samples investi-
gated from the hopping conduction point of view. It was
already reported that the conduction mechanism in GaN with
a higher number of defect centers can be determined by hop-
ping among localized defects.1,2,10 It was found that the ex-
perimental data are most consistent with multiphonon ~mp!
hopping, rather than nearest-neighbor ~nn! or variable range
~vr! single phonon hopping.1 We have analyzed our data
considering all three types of hopping.
Conductivity for nearest-neighbor hopping and variable
range hopping can be expressed as follows:
snn5Cnn exp~2enn /kT !, ~4!
and
svr5Cvr exp@2~T0 /T !1/4# , ~5!





Multiphonon hopping is a combination of both types of
single phonon hopping,23 and the conductivity can be ex-
pressed as
smp5Cmp exp~2enn /kT !exp@2~T0 /T !1/4# , ~6!
where Cmp is a temperature independent constant.
Although our experimental data can be fitted well as-
suming nearest-neighbor hopping ~solid lines in Fig. 1 and
enn5Er shown in Table II! the donor concentrations evalu-
ated from enn are unrealistically high, ND5231021– 4
31022 cm23. This is similar to data reported previously for
highly resistive GaN.1
As is shown in Fig. 4, our experimental data are in good
agreement with variable range single phonon hopping, i.e., AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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concentration of 531013 cm23 evaluated from T0 is also un-
realistic. Fitting of Eq. ~6! to our data, i.e., for multiphonon
hopping, is shown in Fig. 5. Even though better agreement is
obtained for all samples, the resulting ND values obtained
from T0 and enn are not acceptable. Thus, the question of
hopping in GaN needs to be studied in more detail.
D. Influence of charged dislocations
The growth of GaN on sapphire substrates is highly lat-
tice mismatched ~’15%! which leads to a high density of
dislocations, typically 108 – 1010 cm22. It is assumed that dis-
locations act as acceptor-like centers which can capture
electrons.12–14 A space charge region is formed along the
dislocation line, resulting in a reduction of carrier mobility.
FIG. 4. Resistivity vs T21/4 dependence for GaN layers. The solid lines are
theoretical fits for single phonon variable range hopping according to Eq.
~5!. Note that left-bottom axes and right-upper axes are only for sample Nos.
1 and 7, respectively; for other samples the axes have arbitrary units.
FIG. 5. Resistivity vs T21/4 dependence for GaN layers. The solid lines are
theoretical fits for multiphonon hopping according to Eq. ~6!. Note that
left-bottom axes and right-upper axes are only for sample Nos. 1 and 7,
respectively; for other samples the axes have arbitrary units.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toThe well known discrepancy that the electron mobility in
GaN decreases with decreasing carrier concentration ~below
a certain value! has been explained just by influence of a
dislocation scattering.13,14
According to dislocation scattering theory24 the drift mo-
bility depends on temperature as
mdisl5CdT3/2/l , ~7!
where Cd is a temperature independent constant and
l5~ee0kT/e2ns!1/2 ~8!
is the screening parameter, where ns is the effective screen-
ing concentration.
From Eqs. ~7! and ~8! one can obtain
mdisl5CdislTx, ~9!
which is identical in form to Eq. ~3!. The mobility power x
for dislocation scattering will be positive, x51, if the tem-
perature dependence of ns is neglected.
The Hall mobility power x, resulting from the fit to ex-
perimental mH5 f (T) data on the samples investigated ~Fig.
3!, is shown in Table II. Lower resistive layers 1 and 2 show
a decrease of the Hall mobility with increasing temperature,
i.e., x is negative. This indicates that the scattering on
charged dislocations does not play a significant role in their
conduction in the temperature range used. For sample Nos.
3, 4 and 5 the mobility power x is 0.56, 0.5 and 0.9, respec-
tively. Thus, the carrier transport in these three samples
should be mainly influenced by interaction with dislocations,
in contradiction to sample Nos. 1 and 2. However, mobility
power of 3.2 and 3.3 is found for sample Nos. 6 and 7,
respectively. From this it follows that the conduction in these
two highest resistivity samples should be influenced by a
property other than dislocations. We tried to fit the theoreti-
cal dependencies to the experimental data shown in Fig. 3 by
considering combined scattering on phonons (mph
5CphT23/2) and charged dislocations @Eq. ~9! with x51#
using Matthiessen’s rule m total
21 5(m i
21
. For sample Nos. 1–5
we obtained very good fits ~the results are practically identi-
cal to the solid lines shown in Fig. 3!. Poor fits resulted from
using this procedure on sample Nos. 6 and 7 as expected.
E. Potential barriers at grain boundaries
Besides a very high number of structural defects due to
the high lattice mismatch between GaN and the sapphire sub-
strate, polycrystalline growth can also occur.25 In such a case
the transport properties are strongly influenced by boundaries
between ordered grains, mainly if lateral transport occurs.
Potential barriers exist at grain boundaries which act as traps
of free carriers. According to transport theory in polycrystal-
line layers26 both the carrier concentration n and the mobility
m are thermally activated, i.e.,
n5n0 exp~2Enb /kT !, ~10!
and
m5m0 exp~2Fb /kT !, ~11! AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the grain boundaries and n0 and m0 are temperature indepen-
dent constants.
The unusual optical and electrical properties of GaN
grown on sapphire have been explained by the existence of
the polycrystalline microstructure in the layers.17 Activation
energies and barrier heights up to 0.29 and 0.09 eV, respec-
tively, have been found in a more detailed study on highly
resistive MBE GaN layers by considering grain boundary
controlled transport.18 Recently this model has been applied
to explain the properties of He implanted GaN layers.7 From
the conductivity measurements, the energy evaluated (Enb
1Fb) increases with increased implantation dose ~i.e., with
decreasing net carrier concentration! and saturates at about
0.8 eV. From analysis an average grain size of 150 nm fol-
lows for the samples used. However, experimental evidence
of a polycrystalline microstructure was not given in these
studies.7,18
Fitting of Eqs. ~10! and ~11! to our experimental data is
shown in Figs. 2 and 6 ~solid lines!, respectively. Note that
the mobility data for sample Nos. 1 and 2 are not shown in
Fig. 6 because their analysis is irrelevant. The resulting ac-
tivation energies are Enb50.27, 0.30 and 0.41 eV for sample
Nos. 3–5, 6 and 7, respectively. For the barrier height at
grain boundaries we obtained Fb50.017– 0.020, 0.10 and
0.11 eV for sample Nos. 3–5, 6 and 7, respectively. All
values are in good agreement with those published previ-
ously on highly resistive GaN.7,18 In order to verify if it is
reasonable to apply this analysis to our samples we investi-
gated their surface microstructure by SEM and AFM tech-
niques. Sample Nos. 1 and 2 show relatively smooth surfaces
without any remarkable macroscopic defects @see Fig. 7~a!#.
The surface of sample Nos. 3–5 is rough, but still compact.
However, for sample No. 7, i.e., the one with the highest
resistivity of 4.23106 V cm, we found a polycrystalline
structure. The SEM micrograph shown in Fig. 7~b! docu-
FIG. 6. Apparent Hall mobility as a function of inverse temperature for GaN
layers. The solid lines are theoretical fits according Eq. ~11!.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toments it. An average grain size of about 200 nm is estimated
from both SEM and AFM micrographs. Sample No. 6 should
also exhibit a polycrystalline microstructure, as follows from
transport analysis. Unfortunately, we have not found such a
surface property. This can be connected to the different layer
thickness of these two samples ~1.9 mm for sample No. 6,
but only 0.5 mm for sample No. 7!, i.e., in the case of the
thicker sample the polycrystalline region might be over-
grown.
IV. CONCLUSIONS
We performed temperature dependent conductivity and
Hall effect measurements on highly resistive GaN layers
grown by MBE. The experimental data were analyzed by
considering various transport models like band and hopping
conduction, scattering on charged dislocations and grain
boundary controlled transport. The main results of our inves-
tigation may be summarized as follows.
~i! Transport properties of layers which exhibit room
temperature resistivity of 8 and 32 V cm and Hall mobility of
262 and 305 cm2 V21 s21 can be described well by band
conduction. A defect level of 0.23 eV is found which is
attributed to a nitrogen vacancy. The Hall mobility is influ-
enced mainly by phonon scattering.
~ii! On layers with r5(2 – 3.7)3103 V cm and mH
522– 32 cm2 V21 s21 the same defect level of 0.23 eV is
observed. However, mH;Tx dependence with mobility
power x50.5– 0.9 is observed, which can be explained by
dominating scattering on charged dislocations.
~iii! Properties of layers with the highest resistivity ~1
3105 and 4.23106 V cm! and extremely low Hall mobility
~6 and ,0.1 cm2 V21 s21! are consistent with grain boundary
controlled transport. This is confirmed by the polycrystalline
microstructure which has an average grain size of about 200
nm, found by SEM and AFM investigations.
~iv! From the hopping analysis it follows that neither
nearest-neighbor or variable range single phonon hopping
FIG. 7. SEM micrographs of the GaN surface: ~a! layer 1 with resistivity of
8 V cm and ~b! layer 7 with resistivity of 4.23106 V cm. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
5826 J. Appl. Phys., Vol. 88, No. 10, 15 November 2000 Kordosˇ et al.nor multiphonon hopping can be clearly attributed to the
conduction of the highly resistive GaN samples investigated.
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